Introduction 1
Nursery and horticulture industries produce over 10% of all income from products of U.S. agriculture. Many nurseries operate in areas close to residential districts and urban or suburban areas, usually on smaller acreages than field crops. Nurseries may range in size from a few acres to several hundred acres depending on the varieties of stock grown. Many of the products are attacked by pests and require sprayed chemical or natural pest control agents. While the horticultural industries use less total volume of pest control materials, the variety of those materials and frequency of use is greater due to the vulnerability of ornamental and food-use crops to many insect pests and diseases.
Some research on spraying nursery stock has been conducted, but literature is limited on wide spread spray trials. Spray deposition within nursery crop canopies varied significantly with types of sprayers and crop species. Bache and Johnstone (1992) have noted that more precise knowledge of fungicide coverage and plant canopy penetration is required to maximize effectiveness of chemical and biological crop management strategies. Krause et al. (2004) reported that spray deposition at different elevations in Honey Locust trees with a conventional axial fan sprayer had much less variation than in Canadian Hemlock trees with an over-the-row sprayer. Average spray deposit at the top of Canadian Hemlock tree canopies was 14 times higher than that at the middle and the bottom of canopies while about one third of the total spray passed through the first row Honey Locust trees with the axial fan sprayer (Zhu et al., 1997) . The tower sprayer with crossflow fans provided less variation in vertical spray distribution in tree canopies than the traditional air-assist, orchard sprayers .
Taxus is one of the most common nursery crops in the United States. To be marketable, taxus plants are required to have full canopy shapes from the top to bottom near the ground. Because of the dense taxus canopy, common commercial sprayers are unable to deliver sufficient pesticide to the inner or lower canopy where insects frequently attack, resulting in significant economic loss. Growers are seeking new sprayers that can discharge droplets uniformly within taxus canopies to obtain optimum pest control. Some growers are interested in building customized delivery systems to operate economically and effectively with minimum canopy damage.
Air sprayers are used widely to apply pesticide to trees and dense field crop canopies. The air jet deflects foliage and delivers spray droplets through the canopy, helping impinge droplets on target foliage. To maintain air jet integrity in wind conditions and transport droplets uniformly throughout the plant foliage, adequate air volume is required in the canopy region. However, the mass flow rate of the sprayer jet at its outlet can greatly influence the jet velocity distribution at considerable distances from the outlet (Reichard et al., 1979; Fox et al., 1982) . The amount of spray delivered over a given distance is proportional to the power of the air stream (Fleming, 1962) . Brazee et al. (1981) developed air jet models and concluded that air jets from lowvelocity, high-air-flow rate sprayers produced greater maximum velocities in the main region of the jets than higher-velocity, lower-air flow rate sprayers having equal air power at the outlet. Randall (1971) reported that a minimum air speed of 12.2 m/s was required for spray to penetrate beyond the outer canopy of apple trees.
The hydraulic nozzles due to their simplicity are widely used in the filed applications and weed controls, but the deposition uniformity within dense canopies are very poor .
Air-assist sprayers may have potential to economically and effectively deliver pest control agents within taxus canopies without additional labor or machinery costs to penetrate canopies. The objective of this research was to (1) investigate a custom-designed, five-port, air-assist sprayer to improve spray penetration into taxus canopies, and (2) determine the relationship between nozzle outlet air velocity profile and spray deposition within canopies.
Materials and Methods

Five-port sprayer
An air assist sprayer with three five-port nozzles was used to discharge spray droplets downward toward taxus canopies ( fig. 1 ). The internal geometric construction of a five-port nozzle is shown in Figure 2 . The nozzle was cast with five ports at 15° radial separation. The inside diameter of each port was 3.6 cm. A 0.6 cm diameter copper tube was squeezed to form an orifice and was installed at the center of each port. A precision orifice was mounted in a manifold upstream each nozzle to distribute liquid evenly to each port. Two sets of precision orifices, 2.00 and 2.50 mm diameter, were selected for application rates at 840 and 1130 L/ha. The three five-port nozzles were mounted 0.61 m apart, and the orifice of the middle nozzle was 0.78 m above the ground. Spray from the three nozzles was assumed to cover a 1.8 m wide area for each path. During the test, the sprayer was operated at 550 kPa with 3.2 km/h travel speed. The flow rate from the five-port nozzle at 550 kPa was 3.4, and 4.2 L/min with the 2.00 and 2.50 mm diameter orifices, respectively. 
Field test
A plot with three rows of taxus plants was selected for the spray penetration trial. The plot was 1.8 m wide and 76 m long and was evenly divided into 10 sections. Each application rate was conducted in 5 sections. The sections were arranged in the alternative pattern to repeat tests with the two application rates. At the time of experiments, average height of plants was 48 cm, average circumference was 196 cm, and edges of adjacent plants nearly overlapped.
One canopy was randomly selected in each row of a section, a total three canopies in each section. Spray deposits at top, middle and bottom of each canopy were measured with three 2.5 cm by 7.5 cm sheet-metal plates. The three plates were mounted horizontally with their longer dimension normal to the stake and with 120° radial separation from each other. The midpoint of each plate was 11 cm from the stake. Plates at the bottom of canopies were very close to the soil surface, and plates at middle and top of canopies were adjusted according to the canopy height. The stake was placed as near to the plant trunk as possible. Spray samples were collected 15 minutes after spraying and stored in 125 mL wide-mouth glass bottles. These samples were stored in a refrigerator and analyzed within 24 hours after they were brought to the laboratory. During the test, average wind velocity was 1.9 m/s at 160 degree from north, ambient temperature was 25.2 °C, and relative humidity was 44.6%.
The spray mixture containing water and Acid Yellow 7 (Carolina Color and Chemical Co., Charlotte, N.C.) at a concentration of 5 g/L was used for the trial. Spray deposits on sample plates were dissolved in 20 mL of purified water (prepared with Mega-pure System, Model MP-12A, Barnstead International, Dubuque, IW) and adjusted to pH 9.1 by adding sodium carbonate. Then, 4 mL of the sample solution was placed in a cuvette for determination of peak fluorescent intensity with a Model LS 50B Luminescence Spectrometer (Perkin-Elmer Limited, Beaconsfield, Buckinghamshire, England). If a sample concentration fell outside the calibration range, then it was diluted and measured again. Data were then analyzed by one way ANOVA, and differences among means were determined with Duncan's New Multiple-Range Test using ProStat version 3.01 for windows (Poly Software International, Inc., Pearl River, NY). All significant differences were determined at the 0.05 level of significance.
Air jet velocity measurement
Air velocity profiles at various locations from the nozzle outlet to 0.79 m below the middle nozzle were measured ( fig. 3 ) inside a building. Table 1 showed positions of measurement locations relative to the orifice at the middle port of the nozzle. To check the variation of air from three nozzles, air velocity at outlets of two side nozzles were also measured. The air velocities at locations a to l were measured with No.167 pitot tube (Dwyer Instruments, Inc., Michigan City, Indiana), and velocities at locations 1 to 28 were measured with a Model 8386A Air Velocity Meter (TSI Incorporated, St. Paul, Minnesota). The sprayer was set on a concrete floor and the height of the nozzle orifice was 0.9 m above the floor when air velocities were measured with fan speed at 9000 rpm. Actual air velocities were converted to standard conditions, which were defined as 21.1°C and 101.4 kPa at 0% relative humidity.
Air velocity modeling
From the theory of turbulent jets (Abramovich, 1963) , air velocity at the midline of an axially symmetric jet can be expressed as, Average axial air velocity near the outlet from each port on the middle nozzle was about 9% higher than that on two side nozzles ( Table 1) . The air could not be delivered evenly to the three nozzles because the air paths from the manifold to three nozzles did not have the same length. The middle nozzle was closer to the manifold than the two side nozzles. However, the variation of air velocity at five-port outlets from each individual nozzle was low. The coefficient of variation of the outlet velocity from left, middle and right nozzles was 4.8, 6.3, and 4.7%, respectively. Therefore, the sprayer could produce reasonably uniform air outputs from each of three nozzles. Air velocity at a given level across the air flow differed as distance from the nozzle increased owing to jet divergence (Table 1) . Average distance from the nozzle orifice was 0.33 m for targets at the top of canopies, 0.56 m at the middle of canopies and 0.79 m at the bottom of canopies. Average midline air velocity from five ports was 40.9 m/s at 0.33 m from the nozzle while the average velocity across the same level was 33.4 m/s. However, the difference between the two average velocities at 0.56 m from the nozzle was about 1.9 m/s, and was 0.7 m/s at 0.79 m from the nozzle. Air velocities across the level at 0.79 m from the nozzle were almost constant. Therefore, variations of air velocities across the same level above the ground decreased as distance from the nozzle increased. In field conditions, the air velocity profiles differed from that measured under indoor conditions because taxus canopies acted as a porous filter function to degrade air velocity. Stronger air curtain could better disturb the canopies and assist droplets in reaching the bottom of canopies.
Spray deposition
Increasing orifice size to increase application rate from 840 to 1130 L/ha could significantly (p<0.05) increase spray penetration into taxus canopies. Average spray deposit at the top, middle and bottom of canopies was 1.1, 0.27 and 0.07 µg/cm 2 for the 2.00 mm orifice ( fig. 5) , and 1.33, 0.45 and 0.1 µg/cm 2 for the 2.50 mm orifice ( fig.  6 ), respectively. Increasing application rate by 34% could increase spray deposition at the bottom of canopies by 42%. Figure 7 illustrates average spray deposits in the matter of average coverage rate of spray in liters per ha at three heights within canopies. Most of the spray was delivered to the upper canopy at both application rates despite strong air assist by the sprayer. Deposit at the top of canopies was 15.7 and 4.1 times that at the middle and bottom of canopies for the 2.00 mm orifice at 840 L/ha application rate, and 13.3 and 3.0 times that at the middle and bottom of canopies for the 2.50 mm at 1130 L/ha application rate, respectively. Therefore, increasing application rate for the five port sprayer could increase spray deposits at different heights within taxus canopies and slightly decrease variations of spray deposits within canopies. Figure 8 shows average spray deposits with average air velocities at the same heights as the top, middle and bottom targets within canopies discharged from two different sizes of nozzle orifices in the five-port sprayer. When air velocity at target positions increased, the spray deposit increased linearly for the application with 2.50-mm orifice nozzles and increased as a power function for 2.00-mm orifice nozzles. Because the air jet velocity decreased considerably as distance from the jet outlet increased, spray deposit distribution within canopies varied with the nozzle height. Further investigation will be conducted to determine the relationship between spray deposits and air velocities at different levels within taxus canopies by changing the nozzle height above the top of canopy.
Conclusions
1. Increasing application rate could increase spray deposits at the middle and bottom of taxus canopies, and reduce variations of deposits within canopies.
2. Spray deposits increased linearly with main region air velocity; transverse velocity profiles showed a little variation beyond 0.79 m below the nozzle.
3. The axial air velocity model agreed well with experimental values, decreasing as an equilateral hyperbolic relationship with distance from jet outlet. [1] Nozzle at the middle of the sprayer. [2] Nozzle at the left side of the sprayer. [3] Nozzle at the right side of the sprayer.
